Regulation of cytosolic mRNA translation is a key node for rapid adaptation to environmental 35 stress conditions. In yeast and animals, phosphorylation of the a-subunit of eukaryotic translation 36 initiation factor eIF2 is the most thoroughly characterized event in regulating global translation 37 under stress. In plants, the GCN2 kinase (General Control Non-derepressible-2) is the only known 38 kinase for eIF2a. GCN2 is activated under a variety of stresses including reactive oxygen species. 39
repression of translation under abiotic stress will be discussed. The translation of mRNAs by cytosolic ribosomes into new proteins is dynamically regulated by 54 abiotic environmental conditions such as temperature (Matsuura et al., 2010; Juntawong et al., 55 2013; Yanguez et al., 2013) , oxygen (Branco-Price et al., 2008) and light (Juntawong and Bailey-56 Serres, 2012; Liu et al., 2012; Missra et al., 2015; Merchante et al., 2017) . Both early and more 57 recent studies have highlighted that redox poise and reactive oxygen species can also play 58 important roles in regulating mRNA translation in global and mRNA sequence-specific ways 59 (Tang et al., 2003; Branco-Price et al., 2008; Khandal et al., 2009; Benina et al., 2015) . The 60 mechanisms that regulate and coordinate mRNA ribosome loading across the plant transcriptome 61 are generally only partially understood. Of the several mechanisms regulating global translation, 62 phosphorylation of the a-subunit of the heterotrimeric eukaryotic initiation factor 2 (eIF2) is one 63 of the best characterized translational control events in yeast and animals (Dever et al., 1992; 64 Donnelly et al., 2013; Hinnebusch et al., 2016) . In the unphosphorylated form, eIF2 bound to GTP 65 delivers the initiator methionyl-tRNA to the ribosomal small subunit (40S) to initiate mRNA 66 translation (Hinnebusch et al., 2016) . Upon phosphorylation by one of several kinases, eIF2a 67 becomes a poisoned substrate of the guanine nucleotide exchange factor for eIF2, named eIF2B 68 (Kashiwagi et al., 2018) causing global translational repression, although some mRNAs escape the 69 global repression by virtue of specific mRNA sequence elements (Harding et al., 2000; Liu and 70 Qian, 2014) . 71 72 General Control Non-derepressible 2 (GCN2) is the only known kinase in plants that 73 phosphorylates eIF2a (Zhang et al., 2008; Lageix et al., 2008) . In the well-studied vertebrate and 74 yeast models, the GCN2 kinase can be activated by uncharged tRNA as a consequence of amino 75 acid starvation (Wek et al., 1995; Dong et al., 2000; Anda et al., 2017) . In plants the genetic 76 elements of the GCN2 pathway appear to be substantially conserved, although not all biochemical 77 details have been confirmed, and few of the biochemical steps have been investigated thoroughly. 78
Specifically, GCN2 is encoded by a single gene in Arabidopsis that functionally complements a 79 yeast gcn2 mutant (Zhang et al., 2003) and can be activated by uncharged tRNA in vitro (Li et al., 80 2013) . Accordingly, in planta, the kinase is activated by inhibitors of amino acid biosynthesis such 81 as the herbicides chlorosulfuron, glyphosate and glufosinate (Lageix et al., 2008; Zhang et al., 82 2008; Zhao et al., 2018) , and the activation of GCN2 by herbicides can be suppressed by 83 supplementation with amino acids (Zhang et al., 2008) . 84 85 Aside from inhibitors of amino acid biosynthesis plant GCN2 kinase is activated by numerous 86 other agents, including ultraviolet light, wounding, the ethylene precursor 1-aminocyclopropane 87 carboxylic acid, the endogenous defense signals salicylic acid and methyl-jasmonate and bacterial 88 infection (Lageix et al., 2008; Liu et al., 2019) . What remains unclear is the nature of the 89 biochemical signal that activates GCN2 under this variety of abiotic and biotic stresses. We 90 recently described that GCN2 is activated by light-dependent reactive oxygen species (ROS) from 91 the chloroplast. Even the stimulation of GCN2 by inhibitors of amino acid biosynthesis requires 92 light and does not occur in darkness, suggesting that ROS are an essential requirement for GCN2 93 activation (Lokdarshi et al., 2019) . A second conundrum surrounding plant GCN2 is that gcn2 94 mutants have rather mild phenotypes under favorable lab conditions (Zhang et al., 2008; Lageix et 95 al., 2008; Liu et al., 2015b ) and a near-normal transcriptome (Faus et al., 2015; Lokdarshi et al., 96 2019) . Moreover, among the various treatments that activate eIF2a phosphorylation, the herbicide 97 chlorosulfuron is the only one that also results in a GCN2-dependent global translational repression 98 (Lageix et al., 2008; Lokdarshi et al., 2019) . In fact, the conditions that trigger eIF2a 99 phosphorylation by the GCN2 kinase are not well correlated with the conditions under which gcn2 100 mutant plants display maladaptive phenotypes. 101
102
Here we describe that the GCN2 kinase is activated by cold and salt stress in a light dependent 103 manner. The activation of GCN2 by cold and salt can be suppressed by manipulating the status of 104 the photosynthetic apparatus, suggesting that a chloroplastic signal contributes to the activation of 105 GCN2. We also provide more evidence that eIF2a phosphorylation by different stresses does not 106 always result in the same decline in polyribosome loading. However, gcn2 mutant seedlings from 107 two different ecotypes of Arabidopsis show reduced primary root growth under cold and salt stress, 108 in keeping with a physiological role for the GCN2 kinase to adapt to these conditions. Taken 109 together, these data suggest that the retrograde signaling from chloroplast to cytosol that targets 110 protein synthesis may operate via the GCN2 kinase under cold and salt stress. 
Plant materials and growth conditions 115
Arabidopsis thaliana ecotype Landsberg (Ler-0), Columbia (Col-0), and homozygous gcn2-1 116 mutants of the GT8359 gene trap line (Zhang et al., 2008) , and homozygous gcn2-2 mutant seeds 117 (Lokdarshi et al., 2019) were sterilized and stratified at 4°C for 2 days. Seeds were germinated on 118 half-strength Murashige-Skoog (1/2X MS) plant media (MP Biomedicals, cat # 2633024) with 119 0.65% Phytoagar (Bioworld, cat # 40100072-2) and grown under a long-day period of 16 h light 120 (80±10 µEin m -2 s -1 )/8 h dark at 22 °C and 50% humidity. Unless stated, no sucrose was added to 121 the medium. 122 123
Stress treatments and phenotype characterization 124
For cold stress treatment in dark and light, plates with 14-days-old horizontally grown seedlings 125 were acclimated in the dark for 24 h starting at Zeitgeber time 2 (ZT2), after which they were 126 shifted to 4 ºC in the dark or light for the desired times. Dark-treated seedlings were harvested 127 under green safe light. For salt stress treatment in the dark, plates with 9-days-old vertically grown 128 seedlings were acclimated in darkness for 24 h starting at ZT2, after which seedlings were 129 transferred to high salt or mock 1/2X MS salt media under green safe light and sampling was 130 performed at the desired times. For salt stress treatment under light, seedlings were transferred to 131 high salt (150mM NaCl), or control conditions (0.1% sucrose), or control conditions with 132 equivalent osmolarity (300mM mannitol) starting at ZT2. 133 134 For chemical treatments with DCMU (Thermo-Fisher, cat# D2425) and DBMIB (Thermo-Fisher, 135 cat# 271993) seedlings were sprayed with the desired amount of reagent and mock control (DMSO 136 or water) under green safe light 30 minutes before the end of 24 hr dark acclimation. For 137 antioxidant treatment, seedlings were germinated and grown for 10 days on 1/2X MS medium 138 containing 0.5mM ascorbate and 0.5mM reduced glutathione. 139
140
For phenotype characterization under cold stress, 3-days-old vertically grown seedlings on 0.1% 141 sucrose were transferred to media without sucrose and shifted to 4 ºC for 30 days. For salt stress, 142
3-days-old vertically grown seedlings without sucrose were transferred to media with 0.1% 143 sucrose, or supplemented with 300mM mannitol, or 150mM NaCl. Photographs were taken with 144 a digital camera (Canon) and primary root length was measured using ImageJ (ver. 1.41; 145 http://rsb.info.nih.gov/ij/index.html). Fresh weight measurements were performed by weighing 146 seedlings per plate at the end of the stress treatment. Percent survival analysis for salt stress was 147 performed by counting seedlings that showed bleached chlorophyll and no primary root growth 148 from day 6 to day 9. All statistical analysis was performed using GraphPad Prism (ver. 8.1.2; 149 GraphPad Software, Inc). 150 151
Protein extraction and immunoblot analysis 152
Sampling for total protein extraction was done by flash freezing 14-days-old seedlings in liquid 153 nitrogen. Seedlings were ground using a plastic pestle in a 1.5 mL tube with extraction buffer 154 containing 25 mM Tris-HCl (pH 7.5), 75 mM NaCl, 5% (v/v) glycerol, 0.05% (v/v) Nonidet P-40, non-fat dry milk and 0.2% BSA, the membrane was incubated overnight at 4 ºC with rabbit 163 polyclonal phospho-eIF2α antibody (Cell Signaling, cat # 9712S) diluted to 1:5000 in 1X TBST 164 with 0.5% BSA. Following washing with 1X TBST, 10 min each for three repeats, the membrane 165 was incubated with horseradish peroxidase conjugated anti-rabbit IgG (Vector labs, cat# PI-1000) 166 diluted to 1:2000 in 1X TBST with 1% non-fat dry milk for 1 h at room temperature. After washing 167 with 1X TBST, 10 min each for six repeats, horseradish peroxidase was detected using Tissue for polysome profiling was harvested as described for total protein extraction. For polysome 178 profiling with cold stress tissue, seedlings were ground in liquid N 2 and 0.5g of tissue powder was 179 resuspended in 1 mL of polysome extraction buffer (200 mM Tris-HCl pH 8.4, 50 mM KCl, 25 180 mM MgCl 2 , 1% deoxycholic acid, 2% polyoxyethylene 10 tridecyl ether, 50 µg/mL cycloheximide 181 and 40U/mL RNase inhibitor (Promega Cat# N2115)) and centrifuged at 13,000 x g for 5 min at 182 4 °C. One mL of the supernatant was layered onto a 10 mL 15-50% linear gradient prepared using 183 a Hoefer gradient maker and centrifuged at 35,000 rpm (Beckmann SW 41 Ti) for 3.5 hr at 4 ºC. 184
Absorbance at 254 nm was recorded using an ISCO UA 5 absorbance/fluorescence monitor and 185 individual data points were extracted using the DATA acquisition software (DATAQ instruments). 186
Polysome-to-monosome (P/M) ratios were calculated as described (Enganti et al., 2018) . For 187 polysome profiling with salt stressed tissue, 150 mg of tissue powder was resuspended in 100µl of 188 polysome extraction buffer and centrifuged at 13,000 rpm for 5 minutes at 4°C. 100µl supernatant 189 was layered on a 2 ml 15-50% linear gradient prepared as above and centrifuged at 50,000 rpm 190 (Beckmann TLS55 rotor) for 1hr 10 minutes at 4°C. Absorbance was measured as described above. under cold stress, pots with rosette stage wild-type and gcn2 mutant plants on soil were shifted to 208 cold (4°C) or left at 22°C (mock) and measurements were taken for the indicated times. Recovery 209 from cold was done by moving the pot back to 22°C. For F v /F m under salt stress, 3-days-old 210 seedlings grown on 0.1% sucrose were shifted to 1/2X MS plant media supplemented with 150mM 211 NaCl or no salt as control (Mock) and F v /F m measurements were recorded as discussed above. 212
213

RESULTS
215
GCN2 kinase activation under cold stress is light dependent 216
Previous reports (Lageix et al., 2008; Wang et al., 2017) showed eIF2a phosphorylation as a read 217 out of GCN2 activity under cold stress. Given that the response to cold stress is closely linked to 218 photosynthesis (Crosatti et al., 2013; Adam and Murthy, 2014) we tested whether the activation of 219 GCN2 under cold stress was light-dependent. In wild-type Arabidopsis seedlings subjected to 4 ºC 220 cold in the light, phosphorylation of eIF2a increased gradually and remained high for at least 2 221 hours of cold treatment. As expected, eIF2a phosphorylation was mediated by GCN2 ( Fig. 1A) . grown in long-day were shifted to 150mM sodium chloride or an osmotically matched control 232 (300mM mannitol) ( Fig. 2A ). Similar to other eukaryotes, salt treatment triggered eIF2a 233 phosphorylation within 2 hours only in the wild type but not in the gcn2-1 mutant seedlings ( Fig.  234 2A). In addition, mock transfer (to 0.1% sucrose) and transfer onto mannitol did not activate 235 GCN2. Similar to cold stress, salt stress too has been linked to adverse effects on chloroplasts in 236 terms of photosynthesis and ROS accumulation (Parida and Das, 2005; Suo et al., 2017; Robles and 237 Quesada, 2019) . To test the role of light under salt triggered GCN2 activation, Arabidopsis 238 seedlings were dark adapted for 24 h and shifted to salt or mock (0.1% sucrose) media. Salt 239 treatment in the dark failed to activate GCN2 in wild-type seedlings, similar to the transfer control 240 (Fig. 2B) . Taken together, both cold and salt stress require light to activate GCN2. 241 242 Antioxidants and photosynthetic inhibitors alleviate GCN2 activity 243
In the light, low temperature and salt both affect the photosystem II (PS II), resulting in an increase 244 in the PS II excitation pressure, which generates damaging reactive oxygen species, including 245 hydrogen peroxide (Gray et al., 1996; Huner et al., 1998; Fowler and Thomashow, 2002; Murata et 246 al., 2007) . To test whether ROS may contribute to GCN2 activation under cold and salt stress, 247 seedlings were grown in the light on media containing ascorbate and reduced glutathione before 248 challenge with cold or salt stress. These antioxidants delayed the GCN2 activation, albeit weakly 249 in the salt (Fig. 3A) , possibly because antioxidants may be barely rate-limiting under these 250 conditions. When eIF2-P was triggered with cold treatment, the presence of ascorbate and 251 glutathione in the medium had only a minor effect (not shown) and there was no detectable boost 252 in H 2 O 2 levels (Supplemental Figure 1) . To address the role of photosynthetic electron transport 253 for GCN2 activity, herbicides that manipulate the plastoquinone (PQ)/ plastoquinol (PQH 2 ) pool, 254 3-(3,4-dichlorophenyl)-1,1-dimethyl urea (DCMU) and 2,5-dibromo-3-methyl-6-isopropyl-p-255 benzoquinone (DBMIB) were applied shortly prior to the cold and salt treatments. DCMU keeps 256 the plastoquinone pool more oxidized (PQ) and DBMIB more reduced (PQH 2 ) (Mateo et al., 257 2004; Kruk and Karpinski, 2006) . Both these herbicides suppressed cold and salt stress triggered 258 GCN2 activation (Fig. 3C, D) . These results along with the light dependence of cold and salt stress 259 on GCN2 activation support the notion that chloroplast generated ROS or redox signals may 260 contribute to the activation signal for GCN2, leading to eIF2a phosphorylation. 261 262 gcn2 mutant sensitivity towards cold and salt stress 263
To determine the role of GCN2 specifically under cold and salt stress conditions at the whole plant 264 level, an established GCN2 mutant allele (gcn2-1) (Lageix et al., 2008; Zhang et al., 2008) Under normal growth conditions, gcn2-1 mutants were indistinguishable from wild type in terms 268 of both shoot and primary root growth ( Fig. 4 A, B ). However, after challenge with cold stress, 269 gcn2-1 mutants root lengths were retarded compared to wild type (Fig. 4A, B) as were gcn2-2 270 mutants (Supplemental Fig. 2A, B) . Of note, the defect in overall growth in the gcn2 mutants could 271 not be attributed to any defects in the photosynthetic quantum efficiency (Supplemental Figure 3A  272 and B). 273
Similar to the root growth retardation in the cold, exposure of seedlings to 150 mM NaCl salt also 274 retarded primary root growth in the gcn2 mutants ( Fig. 5A, B; Supplemental Fig. 4A, B) . 275
Additionally, gcn2 mutants showed chlorosis and root growth arrest by day 6 and day 9 ( Fig. 5A ; 276
Supplemental Fig. 4A : denoted by asterisks). These effects were specific to salt and not seen in 277 the osmotic control (mannitol) and transfer control (0.1% sucrose) treatments. The growth defect 278 of the gcn2 mutant on salt was evident by Day 6 and resulted in a significant loss of fresh weight 279 and percent survival by Day 9 (Fig. 6A, B) . As previously seen for cold stress, the quantum 280 efficiency of PS II declined similarly for gcn2 and wild type under salt stress (Supplemental Figure  281   6 ). We conclude that the GCN2 gene promotes adaptation of seedlings to cold and salt stress. test the role of GCN2 in global mRNA translation under cold and salt stress, gcn2 mutant and 288 wild-type seedlings were challenged with the respective stresses under light. Polysome profiles 289 from sucrose density gradients revealed overall similar profiles and polysome-to-monosome ratios 290 for wild-type and gcn2 under both normal growth conditions ( Fig. 7A ) and after cold stress ( Fig.  291 7B, C). Likewise, in response to salt stress, both wild-type and gcn2 mutant displayed similar 292 polysome profiles (Fig. 8) . The trend towards slightly elevated ribosome loading in gcn2-1, while 293 not uncommon, was not statistically significant. The lack of a clear effect on global polyribosome 294 loading stands in contrast to data after herbicide treatment where ribosome loading declines in a 295 GCN2-dependent manner (Lageix et al., 2008; Lokdarshi et al., 2019) . The GCN2-eIF2a module is an integral component of a pan-eukaryotic stress response program. 300
In yeast and mammals, GCN2 is activated by binding to uncharged tRNAs via its C-terminal 301
HisRS domain. In plants, GCN2 kinase is activated under a wide range of abiotic stresses (e.g., 302
UV light, cold, wounding), synthetic agents (e.g., herbicides, purine starvation), hormones (e.g., 303
methyl jasmonate, salicylic acid, abscisic acid) and live bacterial pathogen (e.g., Pseudomonas 304 syringae). More recently, Arabidopsis GCN2 was found to be activated in response to H 2 O 2 305 directly, as well as excess light stress and methyl viologen, treatments that produce ROS 306 (Lokdarshi et al., 2019) . In the present study, we show that both cold and salt challenge not only 307 activate eIF2a-P but require light to do so, similar to our recent findings of GCN2 activation in 308 response to herbicide. Taken together, our study suggests that the highly conserved GCN2-eIF2a 309 module is activated in a common manner by different stresses, possibly by ROS, given that H 2 O 2 310 is the only known signal to activate GCN2 in darkness (Lokdarshi et al., 2019) . The precise 311 biochemical mechanism remains to be determined. 312
313
Biochemically, the only known ligand to activate plant GCN2 in vitro are uncharged tRNAs, which 314
presumably accumulate in the cell during amino acid starvation. Whether uncharged tRNAs are 315 necessary and sufficient to activate GCN2 in planta under all stress conditions remains unclear. It 316 is plausible that tRNA is bound to GCN2 as a coactivator but that additional signals are needed to 317 boost kinase activity to physiologically relevant levels. Of note, recently Inglis and coworkers 318 reported that mammalian GCN2 can be activated in a tRNA-independent mechanism by the 319 ribosomal P-stalk protein complex (Sattlegger and Hinnebusch, 2000; Inglis et al., 2019) . The 320 mechanism of how GCN2 is activated in planta by tRNAs and ROS may also depend on the GCN2 321 interacting proteins GCN1 and GCN20 (Wang et al., 2017; Izquierdo et al., 2018) , similar to yeast 322 and mammals; however plastidic ROS as a GCN2 activation signal is unique to plants. observed with herbicides that inhibit amino acid synthesis, where activation of GCN2 kinase by 328 herbicide in the presence of light-conditioned ROS causes eIF2a phosphorylation, followed by 329 global translational repression, which is disrupted in the gcn2 mutant (Lageix et al., 330 2008; Lokdarshi et al., 2019) . Moreover, the gcn2 mutant is hypersensitive to herbicide (Zhang et 331 al., 2008; Izquierdo et al., 2018) , all in keeping with a simple, linear signaling pathway. However, 332 it is much less clear how other GCN2-targeted abiotic stimuli affect translation, notwithstanding 333 that it has been confirmed multiple times that eIF2a phosphorylation is always mediated by GCN2. 334
Here we showed that upon cold treatment, eIF2a became phosphorylated by GCN2, but with no 335 detectable translational repression by either cold or GCN2 kinase, although gcn2 mutants were 336 cold sensitive. We observed the same result for salt stress. Of note, salt stress at slightly higher do not (Zhang et al., 2008; Meteignier et al., 2017; Izquierdo et al., 2018) . Certain pathogens do 359 trigger translational reorganizations (Moeller et al., 2012; Xu et al., 2017) and GCN2 is involved 360 in responses to bacterial pathogens (Liu et al., 2015b; Liu et al., 2019; Lokdarshi et al., 2019) 361 although the precise role of GCN2 kinase signaling in defense related translational control remains 362 to be defined. 363
364
Overall, the findings presented in this study add to a unified model of the regulation of the cytosolic 365 translation apparatus via the highly conserved GCN2-eIF2a module under a variety of abiotic 366 stresses, that may also extend to biotic stresses in plants. In summary, we show that activation of 367 GCN2 by cold and salt stress is dependent on the redox state of the chloroplast, and loss of GCN2 368 results in the increased sensitivity towards common abiotic stress inputs, cold and salt. In the 369 future, determining what biochemical and molecular events lead to GCN2 activation under these 370 natural stress inputs will shed light on the integrated stress response pathway in plants. 371
Additionally, the regulation of global translation versus specific mRNAs that fall under stress type 372 regulation is also a subject of further investigation. 373
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We thank Dr. Karen Browning for the antibody against eIF2a and Ricardo Urquidi-Camacho for 377 assistance with data analysis and discussion. Bottom -eIF2 phosphorylation in 10-days-old wild-type Landsberg (Wt (Ler)) and gcn2-1 432 mutant (gcn2-1) seedlings shifted to media supplemented with 0.1% sucrose (Mock), 150mM 433 Mannitol (Mannitol) or, 150mM NaCl (NaCl). For details see legend to Fig. 1A. (B) Top -434
Schematics of 24 hr dark acclimation starting at ZT2. supplemented with 0.5mM ascorbate and reduced glutathione for 10-days and shifted to with 442 150mM NaCl with either antioxidants (Asc + GSH) or mock control. Transfer and sampling of 443 seedlings was performed as described in Fig. 2A.  444 (B, C) eIF2 phosphorylation in Wt seedlings treated with either DMSO control (Mock), or 8µM 445 of 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU), or 16µM of 2,5-Dibromo-6-isopropyl-3-446 methyl-1,4-benzoquinone (DBMIB) thirty minutes prior to (B) NaCl or (C) 4°C treatment. For 447 details see legend to Fig. 1, 2 . Bottom -UV Absorbance profile at 254nm of 14-days-old wild-type Landsberg (Wt(ler)) and 484 gcn2-1 mutant (gcn2-1) seedlings at (A) 22°C at ZT4 (Mock) or subjected to cold at 4°C (B) for 485 2 hr, or (C) for 24 hr under a long day period. 486
The positions of the 40S, 60S, 80S and the polysomes are indicated on the profiles. The ratio of 487 polysomes (P) to monosomes (M) is indicated with standard error from 3 replicates. 
